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論文の要旨  
Summary (Abstract) of doctoral thesis contents 
 
Morphology is consequence of sequential occurrence of developmental events, termed 
developmental sequence, and evolutionary changes in the sequence can generate morphological 
diversity. Because in general, evolutionary changes are recognized as a gradual and contingent 
process, it is assumed that developmental sequence also gradually evolved; closely related 
species would share both morphology and the sequence. However, there is mostly no information 
about empirical evaluation of evolutionary changes that actually occurred in developmental 
sequence. In particular, very few systematic comparisons have been made on the sequences of a 
wide range of developmental events that cover the whole body plan in any class of animals. 
Therefore, we have few clues to know how frequent developmental sequence experienced 
changes during the evolutionary history. Hence, estimating evolutionary changes of 
developmental sequence would help to untangle progressions for morphological evolution.  
In this study, I examined evolutionary dynamics of developmental sequence at a 
macro-evolutionary scale using teleost fish. From the previous literatures describing 
development of 31 fish species, I extracted 20 landmark events occurred sequentially in the 
course of fish body planning. First, I generated parsimony phylogenetic tree from the collected 
developmental sequence dataset. The topology of this tree was quite different from molecular 
phylogenetic tree. This result implied that the developmental sequence of fishes had greatly 
rearranged during evolution, even between closely related species. Next, I parsimoniously 
reconstructed ancestral developmental sequences of fish molecular phylogenetic tree. The 
systematic comparisons of reconstructed ancestral sequences revealed that the frequent 
rearrangements of developmental sequences and the frequency of sequence changes differed 
widely depending on individual developmental events. Then, to detect the potential evolutionary 
shifts of the events in a parsimonious manner, namely “heterochronic shifts” in the 
developmental sequences, I conducted two different parsimonious methods, Parsimov and PGi. 
Both methods detected a significant number of heterochronic shifts, and these shifts were 
broadly distributed on almost all branches across the fish phylogeny. Collaborating with Dr. 
Tomotaka Matsumoto, we analyzed the distribution pattern of detected heterochronic shifts by a 
simulation-based approach. The simulation-based analysis revealed that the distribution of 
heterochronic shifts is not the result of the random accumulation over the phylogenetic time but 
exhibits a curious constant trend so that individual phylogenetic branches harbor similar numbers 
of heterochronic shifts regardless of their lengths. Furthermore, we examined the topological 
distribution of the heterochronic shifts on internal and terminal branches, respectively. In both of 
the branch types, the numbers of actual heterochronic shifts were basically in the range of the 
expected numbers in the simulation; there were little preferences for external localization. These 
simulation-based analyses suggested that heterochronic shift is branching related processes. 
Finally, I explored the relationship between developmental sequence, which was relative 
temporal order of events, and the duration of embryonic period. I reconstructed the evolutionary 
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history of relative shifts of hatch timing and short duration of embryonic period, and revealed 
that these two changes were expected to be a co-evolutionary phenomenon; evolution of earlier 
shifts in the relative hatch timing accompanied shortening the duration of embryonic period.  
Summary of this study, I revealed that the developmental sequences are in fact frequently 
changeable during the course of fish evolution, and that these changes are associated with the 
four following characteristics. (1) The frequency of sequence changes differs widely depending 
on the individual developmental events. (2) The heterochronic shifts frequently occurred over the 
fish phylogeny. (3) By simulation-based analyses, distribution of heterochronic shifts is not the 
result of the random accumulation over the phylogenetic time and similar numbers of 
heterochronic shifts occurred in individual branches regardless of their lengths. (4) The earlier 
shifts of the relative hatch timing might be co-evolved with the shortening duration of embryonic 
period. This study provides an overview of evolution of the developmental sequence in fish 
lineages by systematic analyses and discusses the underpinnings of morphological evolution. 
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 以上のように、伊藤さんの研究は、発生シークエンスというユニークな切り口で動
物の形態進化の理解を目指すもので、独自性が高く、示唆に富む新規知見をもたらす
ものである。よって、博士号授与の要件を満たすと全会一致で判断した。  
